Abstract Shoot density, standing crop (above-and below-ground biomass) and habitat of salt marsh grass Porteresia coarctata were investigated along the coast of Bakkhali estuary, Cox's Bazar, Bangladesh from January to December 2006. Shoot density of P . coarctata was infl uenced by season and was found to be higher (>2 500 shoots/m 2 ) in post-monsoon and minimal in monsoon season; plants were particularly active in vegetative propagation during pre-monsoon. Above-ground biomass was greater along the protected coast compared with the exposed one in this estuary. Below-ground biomass was higher (7.75-269.53 g DW/m 2 ) than that above ground (2.20-114.75 g DW/m 2 ). Standing crops of P . coarctata showed a negative relationship ( R =-0.77; P <0.05) with sedimentation rate, while seasonal activity infl uenced sedimentation. The recorded sedimentation rate was lower (6.09 mg/(cm 2 ·d)) in pre-monsoon and highest (14.55 mg/(cm 2 ·d)) in monsoon season. The mean value of pore water salinity was higher (34.25±5.05) during post-monsoon and lowest (18.0±3.71) in monsoon season. The soil was sandy clay in this P . coarctata bed; it consisted of 86% sand, 13% clay and 1% silt. Soil organic matter dropped during the monsoon season (0.78%-0.67%) and was highest ((2.17±1.42)%-(2.3±1.47)%) during post-monsoon, probably owing to accumulation of decomposed peat on the marsh surface. The mean pore water NH 4 -N concentration ranged from 2.44±1.65 to 3.33±1.82 μg/L, with a minimum air temperature of 22.09°C in post-monsoon and a maximum of 31.16°C in pre-monsoon. Variations of physico-chemical parameters in the soil, water, and climate governed biological parameters of P . coarctata in the Bakkhali estuary, and were comparable with estuarine environments elsewhere.
INTRODUCTION
Salt marshes are characterized by communities of emergent halophytic vegetation growing in areas alternately inundated and drained by tidal action (Zedler, 1984; Abu Hena et al., 2007a) . Typically found in the transitional area between land and water, salt marshes occur along shorelines of estuaries and coasts, sometimes in association with other major sub-classes of coastal wetland systems (Heap et al., 2001) . The subtropical halophytic grass Porteresia coarctata , a member of Poaceae, is a perennial halophytic wild relative of rice (Fig.1) . It grows upright in stands of densely spaced stems with thick mats of roots and rhizomes, and acts as a pioneer species in the successional process leading to mangrove formation along South Asian estuaries and coasts (Jagtap, 1985) . It has narrow, tough blades and special glands that secrete excess salt, allowing it to withstand intense heat and daily exposure to salt water. P . coarctata establishes on newly deposited sediments and may enhance sedimentation, developing a favorable substratum for the growth of mangroves. Few animals eat this plant, but many animals and plants reside on it or on the marsh surface, protected by its roots and stalks (Abu Hena et al., 2007b) .
In general, salt marshes play a vital role in the processes and operations of coastal systems (Dale and Hulsman, 1990) . Biologically, salt marsh plants are important as a primary producer, and marshes support estuarine food webs (Cappo et al., 1995) . They also act as an ecological buffer and provide a protected habitat for both marine and terrestrial organisms, some of which are endangered and legally protected. Marshes mediate a balance of nutrients and organic matter between mangroves and open water systems (Cappo et al., 1995) . Physically, they protect coastlines from the erosive effects of storms and extreme tides.
By trapping and binding the sediment, marshes aid the land-building process (Cappo et al., 1995) . Economically, salt marshes are grazed by cattle and buffalo in coastal regions of South Asian countries. More recently, changes to salt marshes in conjunction with mangroves have been proposed as a means for monitoring change in coastal environments. This approach could be useful within coastal zone management programs (Jagtap et al., 2006) , for gauging coastal land-building processes (Banik, 2009) , and as an indicator of global warming (Ward et al., 1998) .
The salt marshes of South Asia, though of great signifi cance to estuarine and deltaic environments, are very poorly understood ecologically. There is very little scientifi c information on South Asian salt marsh ecosystems (locally called Uri-ghas) in the estuarine coastal area of Bangladesh. To lay the foundation for better understanding of the ecology and dynamics of a salt marsh community and its contribution to the coastal ecosystem of Cox's Bazar, Bangladesh, I have undertaken a study to investigate seasonal changes of standing crop and shoot density of P . coarctata with respect to its ambient environmental parameters. The current research enhances our understanding of habitat dynamics and ecology of P . coarctata marshes, and will be helpful to the coastal zone management program.
MATERIAL AND METHOD

Description of study area
The study area is in Bakkhali estuary, Cox's Bazar, in the southeast part of Bangladesh. The approximate location of this estuary is between 20°85′40″-21°46′92″N and 91°96′60″-92°34′37′′E (Fig.2) . The area attains air temperatures of 31.1°C-33.3°C in summer and has minimum winter temperatures of 24.8°C-29.8°C (Mahmood et al., 1978; Mahmood, 1986) . Drought conditions prevail during the winter months of November to February, and rainfall is confi ned to the monsoon season. Normally, 80%-90% of annual rainfall occurs during the monsoon season from May to August.
In view of wave action on the salt marsh habitat, two stations were selected in the area. One is considered exposed (Station I) and the other is naturally protected by sandbars or shingle bars (Station II) at the estuarine mouth. The salt marsh grass P . coarctata grows as a monospecifi c stand at Station I, and is found in association with four other (Mahmood, 1986) . This study was carried out during January to December 2006. All results are presented as mean values for pre-monsoon (January-April), monsoon season (May-August) and post-monsoon (September-December).
Sedimentation rate, sediment characteristics and climatology
Sedimentation rate was investigated following the procedure of English et al. (1994) . A sediment trap was used and fi xed with wooden poles on newly accreted land in the middle estuary, which we considered representative of the estuary sedimentation rate. From January to December 2006, sediment samples were collected monthly with three traps, which were then replaced. These methods have been developed and extensively applied by coral reef scientists in the Association of Southeast Asian Nations (ASEAN) region and Australia. Soil samples were collected monthly from one (50 m×50 m) permanent sampling plot in each study area. In the fi eld, soil pH (wet) and soil temperature were determined monthly in situ using a soil pH meter (Takemura Electric Works Ltd.) and thermometer, respectively. Surface (10 cm depth) samples were collected using a corer (3 cm diameter) at each plot, placed in plastic bags and labeled. All samples were brought to the laboratory within 2-4 h of collection for further analysis. There, samples were dried at 100°C for 24 h, powdered, sieved through a 0.5 mm stainless steel sieve, and stored in a desiccator until further analysis. All collection was done in triplicate, and the mean value for each parameter was used. Dry soil pH was determined by making a suspension of 10 g dry soil and 50 mL distilled water, following the procedure of Boyd (1995) . Soil texture was analyzed by the hydrometer method following the procedure of Bouyoucos (1962) , soil organic matter following the combustion method of Boyd (1995) , and soil carbon after Nelson and Sommers (1982) . Data of air temperature and rainfall during the study period (January to December 2006) were collected from the Department of Meteorology, Cox's Bazar, Bangladesh.
Pore water characteristics
Pore water samples were collected monthly from each station in the permanent plots, from January to December 2006. After taking a soil sample, accumulation of pore water can usually be observed at the bottom of the hole. Once the column reached equilibrium, this water was collected for pH (S237734, Hanna Instruments, Japan) and salinity (refractometer; Tanaka, Japan) measurement. Collected samples were preserved with one drop of concentrated HCl for ammonium analysis, and stored frozen at the Laboratory of Estuarine, Coastal and Aquaculture Research (LECAR), Institute of Marine Sciences and Fisheries (IMSF). Pore water ammonium concentration was measured by the phenolhypochlorite procedure of Weatherburn (1967) .
Plant measurements
Plants were collected and counted monthly in the study period, during spring low tides, and categorized as pre-monsoon (January-April), monsoon season (May-August) and post-monsoon (SeptemberDecember). Five replicate quadrants of 400 cm 2 (20 cm×20 cm) were randomly placed within the permanent plot of 2 500 m 2 (50 m×50 m) for each station each month, following the procedure of English et al. (1994) and Brower and Zar (1984) . All plants inside the quadrants, including roots and rhizomes, were collected in plastic bags and brought to the LECAR, IMSF to determine shoot density and above-ground and below-ground biomass (AGB and BGB, respectively). The samples were washed and counted manually in the laboratory. Shoot numbers recorded from individual quadrants were expressed as density (shoots/m 2 ). Leaves and sheaths were separated from roots and rhizomes for AGB and BGB determination, respectively. Epiphytes were carefully removed from the plants by scraping with a knife. These materials were dried in an oven at 100  C for 4 h to obtain dry weight (DW), following the procedure of Schubauer and Hopkinson (1984) and Norhadi (1993) . Data obtained were expressed in terms of biomass per unit area (g DW/m 2 ). The Statistical Package for the Social Sciences (SPSS) version 10 was used to analyze monthly means of shoot density, AGB, BGB, and soil and pore water parameters. One-way analysis of variance (ANOVA) was used to compare variation of environmental and salt marsh parameters within sampling months at each station. A simple t -test was used to compare differences between means of two independent samples from Stations I and II. Simple correlation analysis was used to fi nd best-response physico-chemical parameters and salt marsh characteristics during the study period.
RESULT
Sedimentation rate and sediment characteristics
In the estuary, mean sedimentation rate was found to be lower (6.09 mg/(cm 2 ·d)) during pre-monsoon, whereas the highest value (14.55 mg/(cm 2 ·d)) was recorded during the monsoon season (Fig.3) . The substratum was sandy clay loam at two sampling stations, with 86% sand, 1% silt and 13% clay. The wet soil pH never exceeded 7 and did not (ANOVA; P >0.05) fl uctuate signifi cantly throughout the study period (Table 1) . Average soil organic matter was recorded at 2.17%±1.42% at Station I, and 2.31%±1.47% at Station II. The highest (2.35%-2.68%) soil organic matter was found during premonsoon at the two stations. Soil organic matter decreased by up to 35% during the monsoon season (Station II; Table 1 ), and we found no signifi cant (ANOVA; P >0.05) variation between the two stations.
Environmental parameters
Air temperature was relatively low (22.08°C) in post-monsoon (winter) and highest (31.16°C) in premonsoon (summer; Table 2 ). The highest pore water salinity (34.25±5.05) was observed after the monsoon season, with the lowest value 18±3.71 during the monsoon season. Mean pore water NH 4 -N fl uctuated between 2.44±1.65 μg/L and 3.97±1.99 μg/L during the study period, and was signifi cantly different (ANOVA; P <0.05) during the monsoon season relative to other seasons. The highest value of NH 4 -N was during the monsoon season, and the lowest during post-monsoon at both stations (Table 1) . Pore water pH was from 6.87±2.23 to 7.51±2.33 through the 
Porteresia coarctata characteristics
Shoot density showed regular seasonal fl uctuation, with signifi cantly higher (ANOVA; P <0.05) values post-monsoon (September-December; Fig.4 ) relative to pre-monsoon and monsoon seasons. Shoot density of P . coarctata was signifi cantly greater at Station II than Station I ( t -test; P <0.05). Shoot density of P . coarctata was positively correlated with standing crop ( R =0.50; P <0.05).
The range of AGB was 2.20-82.79 g DW/m 2 at Station I, and 10.85-114.75 g DW/m 2 at Station II (Fig.5) . As with shoot density, AGB showed a seasonal pattern with a maximum in post-monsoon and lower values in the monsoon season. Shoot density signifi cantly (ANOVA; P <0.05) decreased in the monsoon season (Fig.4) . AGB was signifi cantly correlated with P . coarctata shoot density ( R =0.79, P <0.05), and negatively correlated with rainfall ( R =0.50; P <0.05) and sedimentation rate ( R =-0.77; P <0.05). BGB had irregular monthly patterns throughout the sampling period (Fig.6) , with higher biomass observed pre-monsoon at both stations.
DISCUSSION
The estuarine hydrology revealed at Bakkhali supports extensive salt marsh, dominated by P . coarctata , with fringing mangroves and occasional patches of Halophia beccarii in lower intertidal regions (Abu Hena et al., 2007a) . Salt marsh P . coarctata grows in alluvial soils where its presence may be a key component of high sedimentation rates through subsurface production, and of leaf litter and sediment trapping, as found in other tidal marshes (Gleason et al., 1979) . Of course, other physical and biological factors such as wave action, upstream river fl ow, river current, and human disturbance may govern sedimentation processes (Gale et al., 2000) . The sedimentation rate in the Porteresia beds was higher during the monsoon season and lower in postmonsoon. Seasonal changes in sedimentation rates have been reported for freshwater and tidal marshes elsewhere (Reed, 1995; Neubauer et al., 2002) . Morris et al. (2002) found that marsh biomass may be affected by sedimentation rates through feedback to vegetative propagation, and a similar interaction could have been important in our study.
Soil texture was sandy clay for Porteresia beds in this estuarine environment, and this soil type is predominant in the estuarine coastal area of Bangladesh (Rahman et al., 1990) . The higher percentage of sand in the soil of the study area suggests that the estuarine habitat of Bakkhali is probably a high-depositional coast compared to estuaries elsewhere (Gibson et al., 1994) . Soil texture distribution was also variable, probably owing to effects of the continuous ebb and fl ow of tides (Bandyopadhyay, 1995; Chou et al., 2004) . Additionally, monsoon rains lead to high river inputs of alluvial sediments. Thus, there is much sediment for pioneer Porteresia colonization, which can itself increase sedimentation. Similar soil composition was observed in Chakaria Sundarban mangrove forest (Rahman et al., 1990) . Studies by Chowdhury (1968) reported that the soil of this forest was sandy clay loam, and soil texture can vary with sedimentation process (Chou et al., 2004) . Zafar et al. (2001) reported percentage ranges of sand, clay and silt at 56%-61%, 24%-33%, and 6%-16% in varying gradient pans of the Chakaria Sundarban, respectively. These ranges are comparable with the present fi ndings (Table 3) . Acid sulfate soil (pH<7) is common in the brackish water coastline of Bangladesh, and it is true in this study in which most pH values were below 7. The Sundarban soil was slightly acidic to slightly alkaline (pH 5.4-7.8 in reaction) and contained high nutrient levels because of high decomposition rates (Chowdhury, 1968) . Tam and Wong (1998) also found neutral to alkaline pH coastal soil in a subtropical mangrove ecosystem in Hong Kong. However, this study found relatively acidic pH values in the Porteresia beds in the salt marsh beds. Estuarine and coastal areas are active regions where carbon and nutrient inputs are typically derived from both land and coastal sources. Organic content in the sediments verifi es the nutritive importance of the particular ecosystem (Jagtap et al., 2006) . Higher organic matter content (1.75%-2.86%) in sediments of Porteresia beds relative to lagoon (0.2%-0.4%) and mangrove (0.5%-1.7%) habitats may be because of carbon accumulation in the superfi cial soil from continuous input by salt marsh halophytes (Rajyalakshmi and Chandra, 1987; Zafar and Hasan, 2005) .
The Bangladesh coast has a tropical monsoon climate, and is strongly affected by fl oodwater during the rainy season. Rain lasts three months, during which adverse effects of high salinity may be mitigated. Primary production and species composition of estuarine halophyte communities are greatly affected by climate (Hong and San, 1993) , and the wet humid climate of Bakkhali estuary helps keep intertidal fl ora from desiccating during exposure at ebb tide. Furthermore, rainfall may impact the growth of Porteresia through reduced salinity, heavy river discharge and high sedimentation rates (Jagtap et al., 2006) . Pore water salinity (18.0±3.71 to 34.25±5.05) may infl uence Porteresia beds in subtropical coastal areas. Jagtap et al. (2006) recorded 0-35.65 salinity in Porteresia beds of India, which are known to survive a wide salinity range (~35.65). They concluded that like mangroves and seagrasses, seedlings of Porteresia prefer lower salinity for germination and early growth stages (Jagtap et al., 2006) .
The ammonium concentration in pore water from beds was higher than in estuarine water (0.17-2.17 μg/L; Rashid, 1999) , and comparable with those recorded in mangrove regions (Jagtap et al., 2006) . However, higher NH 4 -N was found in pore water during the monsoon season, which may be attributable to upstream freshwater runoff that carries domestic waste, which deposits in salt marsh habitats. However, the faster decomposition rate of salt marsh plants during wet months might also be a reasonable cause for the higher NH 4 -N in this area (Rezowan, 2008) .
Shoot density is one parameter of community structure, and can be used as a rough proxy for standing crop (Jacobs, 1984) . This density changed seasonally, increasing during post-monsoon. This phenomenon may be because of amelioration of salinity by mixing fresh water with seawater during the monsoon season, as well as to overall improvement of environmental parameters when other natural stresses decreased in the study area. Relatively high soil organic matter and pore water NH 4 -N at Station II 2 ) of Jana et al. (1993) in the greater Sundarbans of West Bengal (Table 5 ). The AGB variation may be caused by differences in plant morphological characteristics, shoot density, geographic location, and habitat characteristics of the salt marsh (Jana et al., 1993) .
The present BGB was less than the values of Jagtap et al. (2006) for the estuarine environment of Goa, India (Table 6) , probably because of differences in salt marsh size and age, root systems, environmental conditions and other geographic factors. Romero et al. (1994) stated that higher BGB may provide better anchorage for coastal seagrasses and greater storage capacity for carbohydrates and nutrients, which in turn support overall growth and total biomass of plants (Nybakken, 1997) . This might also be the case for the coastal salt marsh. In addition, in coastal and estuarine ecosystem processes, the live plant portions of Porteresia may be a suitable component for retaining sediment in areas exposed to erosion, thus helping restore carbon and nutrients for adjacent marine ecosystems (Jagtap et al., 2006) .
CONCLUSION
This study suggests that rainfall and sedimentation rate modulate AGB of Porteresia , and upstream river fl ow from rain can speed sedimentation rate in the coastal salt marsh bed. With its major coastal ecological signifi cance, adaptability to a wide range of salinity (18±3.71 to 34.25±5.05) and sandy clay substrate, Porteresia could be of great value in coastal zone management. High BGB (148.77±15.23 g DW/ m 2 ) and AGB (89.98±8.94 g DW/m 2 ) of this salt marsh species suggest that it would be useful in retaining coastal sediment in areas exposed to erosion, thus helping restore carbon and nutrients to adjacent marine ecosystems. In addition to lessening coastal erosion and counteracting sea level rise impacts in low-lying coastal areas, this species has been shown to support a diversity of fi shery resources via decomposition of plant biomass (Rezowan, 2008) . Porteresia marshes are an important habitat in the subtropical coastal belt, and they deserve further investigation.
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